Since the diamine putrescine can be metabolized into the pyrrolidine ring of tobacco alkaloids as well as into the higher polyamines, we have investigated the quantitative relationship between putrescine and these metabolites in tobacco callus cultured in vitro. We measured levels of free and conjupted putrescine and spermidine, and pyrrolidine alkaloids, as well as activities of the putrescine-biosynthetic enzymes arginine and ornithine decarboxylase. In callus grown on high (11.5 micromolar) anaphthalene acetic acid, suboptimal for alkaloid biosynthesis, putrescine and spermidine conjugates were the main putrescine derivatives, while in callus grown on low (1.5 micromolar) a-naphthalene acetic acid, optimal for alkaloid formation, nornicotine and nicotine were the main putrescine derivatives. During callus development, a significant negative correlation was found between levels of perchloric acid-soluble putrescine conjugates and pyrrolidine alkaloids. The results suggest that bound putrescine can act as a pool for pyrrolidine alkaloid formation in systems where alkaloid biosynthesis is active. In addition, changes in arginine decarboxylase activity corresponding to increased alkaloid levels suggest a role for this enzyme in the overall biosynthesis of pyrrolidine alkaloids.
Polyamines and their biosynthetic enzymes ADC3 (EC 4.1.1.19) and ODC (EC 4.1.1.17) may play an important role in many aspects of plant development including growth, differentiation, senescence, and response to stress (7) . However, relatively little is known about their role in secondary plant metabolism. Putrescine is a precursor not only of PAs (7) , but also of parts of important alkaloids such as the pyrrolidine rings of tobacco alkaloids (nicotine and nomicotine), tropane alkaloids (hyoscyamine, hyoscine, and meteloidine), pyrrolizidine alkaloids (retronecine), and possibly phenanthroindolizidines (tylophorine) (10) . The putrescine-derived PAs (spermidine, homospermidine, and spermine) may be conjugated to cinnamic acids or to fatty acids, giving rise to other more complex alkaloids (18) .
PAs are present in the plant cell in both free and conjugated forms (19, 20) . In tobacco, where PAs are often conjugated with cinnamic acids and their derivatives (3, 14) , their been correlated with the onset of reproduction (4) and virus resistance (12) , but not with alkaloid biosynthesis.
Several publications support the view that auxin levels are involved in the regulation of nicotine production by tobacco callus cultures (22) and root cultures (21) as well as in the intact tobacco plant (25) . Recently, we found (23) that the alkaloid level increased dramatically when tobacco callus grown on 11.5 ,gM NAA (suboptimal for alkaloid biosynthesis) was transferred to a medium containing 1.5 ;tM NAA (optimal for alkaloid biosynthesis). In the present study, we have used this experimental approach to investigate the relation between PAs (free and conjugated) and pyrrolidine alkaloids in tissues where alkaloid biosynthesis is active. The activities of ODC and ADC in relation to pyrrolidine alkaloid formation were also investigated. (8) , and 1% purified BBL agar (BBL Microbiology Systems, Becton Dickinson and Co., Cockeysville, MD) in sterilized Petri dishes (100 x 20 mm) at 25°C in the dark. The agar was purified as described elsewhere (23) . After callus induction on high (11.5 uM) NAA for 4 weeks, the calli were transferred to a medium containing lower (1.5 uM) NAA, and cultured at 25°C in the dark. During the subsequent 6 weeks of callus growth on low NAA, triplicate samples were taken for measurement of growth parameters as well as PA and alkaloid levels. These were compared with callus grown on higher NAA for 4 weeks (referred to as '0 week' as this is the time of their transfer to low NAA media). ADC and ODC activities were determined at weeks 0, 3, and 6 of callus growth and compared with the corresponding pyrrolidine alkaloid titers.
MATERIALS AND METHODS
Determination of Dry Weight. Determination of ADC and ODC Activities. Samples were ground in chilled mortars at a ratio of 600 mg fresh weight/ml of 100 mm K-phosphate (pH 7.5) containing 10 mM DTT, 20 mm sodium ascorbate, 5 mm EDTA, and 1 mM pyridoxal phosphate. Insoluble polyvinylpyrrolidone ('Polyclar AT'; GAF Corp., New York, NY), purified according to the method of Loomis (1 1), and pre-equilibrated in the appropriate buffer, was added to the crude extract at 0.5 g wet weight/g tissue to absorb phenolics. The extract was sonicated (Branson S-75 sonicator, Branson Ultrasonic Corp., Stamford, CT) twice for 1 min in an ice bath and then pelleted for 20 min at 27,000g. The supernatant fraction was made 60% saturated with (NH4)2SO4, allowed to stand for 30 min, then centrifuged for 20 min at 27,000g. The resulting pellet was resuspended in half the original volume of 100 mm K-phosphate (pH 8.0) containing 1 mm DTT, 0.1 mM EDTA, and 0.05 mM pyridoxal phosphate, and dialyzed against the same buffer for 24 h in the dark. All the procedures were carried out between 0 and 4°C.
The activities of ODC and ADC were determined according to methods already published (6, 29 (Table I ). In addition, a progressive increase of dry weight and protein content (on a fresh weight basis) was observed (Table I) . Polyamine Titers. Put and Spd are the main PAs present in callus grown on suboptimal (0 week) or optimal conditions for alkaloid biosynthesis (1-6 weeks; Table II Fig. 1 ), but declines 5-fold during the succeeding 6 weeks on optimal medium. This decrease in Put is due mainly to changes in the SH fraction (Table II) . Levels of the different Spd fractions, unlike Put, increase during the first 2 weeks when callus is transferred from suboptimal to optimal conditions for alkaloid biosynthesis (Table II) .
Alkaloid Titers. Nicotine, nomicotine, anabasine, and traces of anatabine were detected in the callus (23) , but in these investigations only the pyrrolidine alkaloids (nicotine and nornicotine) were considered. Pyrrolidine alkaloid levels were negligible (1.3 .umol/g dry weight) in callus grown on suboptimal medium, but increased progressively until the 4th week and then dramatically in the 6th week on optimal medium for alkaloid biosynthesis (Fig. 1) , reaching a final concentration of 108 ;tmol/g dry weight.
The increased alkaloid accumulation rate observed between weeks 4 and 6 may be related to the decreased hydration state of the tissue, since an increase in dry weight of more than 2-fold occurred from week 0 to week 6 (Table I) . During callus development, an activation of nicotine demethylation occurs (23); thus, nornicotine is the main alkaloid present (Table III) . We have also observed that less than 3% of the total alkaloids in the callus were excreted into the medium.
Correlation between PA and Alkaloid Levels. Since PA titers decreased during callus development while pyrrolidine alkaloid levels increased (Fig. 1) , we tried to establish a correlation between levels of the different fractions. From 0 week to the 4th week, a significant negative correlation (r = -0.98; P < 0.01) was found between titers of PCA-soluble Put conjugate (SH fraction) and pyrrolidine alkaloid. No significant correlation was found between levels of the other Put fractions or total Spd with alkaloid titers.
Activity of Biosynthetic Enzymes. The data in Table III show that both ADC and ODC activities are present in callus grown on media optimal and suboptimal for alkaloid biosynthesis. However, ADC activity was significantly higher than ODC and increased with age of callus, corresponding with increased alkaloid levels. In contrast, a temporary increase of ODC activity was observed at the 3rd week of callus growth, but this had disappeared by the time ofmaximum alkaloid accumulation (6th week).
DISCUSSION
Tobacco stem apices (3), callus tissues (14) , and cell cultures (1, 9) often contain PAs conjugated with cinnamic acids to form hydroxycinnamic acid amides. Some functional roles of these compounds have been suggested. Thus caffeoyl putrescine and other amides have been found in large concentrations in tobacco reproductive organs and it has been proposed that their formation is functionally linked with reproduction (4). In addition, since tobacco plants infected with tobacco mosaic virus react by increasing their levels of PA conjugates, and viral multiplication is retarded in their presence, a role for these compounds in virus resistance has been suggested (12) . Mizusaki et al. ( 14) observed several Put conjugates in tobacco callus and suggested that these compounds might be related to nicotine biosynthesis, but made no further investigations.
This report describes a correlation between PA-conjugates and pyrrolidine alkaloid formation in tobacco callus. We have found that in callus grown on high NAA levels, suboptimal for alkaloid biosynthesis, the main Put derivatives are the PA conjugates; this has also been observed in tobacco ovary tissues (Slocum and Galston, personal communication). In contrast, in callus grown on low NAA, optimal for alkaloid biosynthesis, the main Put derivatives are pyrrolidine alkaloids, such as probably occur in the roots, the main site of nicotine formation in the tobacco intact plant. During callus development (from 0 week to the 4th week), we have found that there is a negative correlation between levels of PCA-soluble Put conjugates and pyrrolidine alkaloid.
The above results suggest that NAA regulates not only nicotine biosynthesis but also PA metabolism in tobacco tissue cultures. Furthermore, the present data suggest that bound Put, particularly in the PCA-soluble fraction, can act as a pool for pyrrolidine alkaloid formation in systems where alkaloid biosynthesis is operative. This is further supported by independent tracer studies with [ (24) have found that the content of Put, Spd, and Spm decreased, while nicotine levels in the roots increased after decapitation of tobacco stems. The decrease in PA titers was due to Put, which decreased by 50 and 80% at 2 and 12 d, respectively, after decapitation. They suggested that the increased Put formed after decapitation was converted into nicotine, but indicated nothing about PA conjugates.
The comparative roles of ADC and ODC in the formation of pyrrolidine alkaloids via putrescine is not clear. In the past, ODC rather than ADC activity has been related to the biosynthesis of nicotine (15) and, in fact, pyrrolidine alkaloids have been classified asornithine-derived compounds (10) . We have found that ADC activity is much higher than ODC in callus grown on all media and that changes in ADC activity, but not ODC, correspond to increased alkaloid levels in the callus. Yoshida (27, 28) demonstrated that Put can be formed from both arginine and ornithine in tobacco, and feeding experiments with labeled arginine indicated that this amino acid can also participate in nicotine formation (26) . The hypothesis which maintains that ODC is the main enzyme involved in nicotine biosynthesis is based on experiments in which tobacco plants were decapitated (15, 24) . Increase of both ODC activity and nicotine levels were observed in the roots after decapitation of the stems, and this effect was related to the decrease of auxin content in the roots (15) . However, in the roots of nondecapitated plants, ADC was 4.5-fold higher than ODC activity (24) , and the roots of these plants also produced alkaloids. Thus, the role of ODC activity in nicotine biosynthesis remains questionable, since effects other than decreased auxin levels in the roots can result from decapitation of the plant.
To confirm possible main and alternative pathways for pyrrolidine alkaloid formation in tobacco, we are now using specific inhibitors of ADC and ODC activity. Preliminary experiments show that addition to the cultures of 1 mm D-arginine (competitive inhibitor) and 1 MM DL-a-difluoromethylarginine, an irreversible inhibitor of ADC, strongly inhibited pyfrolidine alkaloid levels. In contrast, 1 MM DL-a-difluoromethylornithine, an irreversible inhibitor of ODC, was less effective. This suggests that ADC is the main enzyme involved in furnishing Put for pyrrolidine alkaloid formation in cultured tobacco callus.
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